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Background: Human performance and adaptation to altered loading
levels is investigated. A previous astronaut jumping study demonstrated
significantly altered landing performance following spaceflight, comple-
menting reports of postilight postural and gait instabilities. A dynamic
model indicated that leg stifness changes accounted for the kinematic
differences due 10 adaptation in open-loop modulation of leg imped-
ance. Muscular atrophy or altered stretch reflexes and vestibular sensing
could not be discounted. Hypothesis: We hypothesize that partial
weight unloading can cause modulation of leg impedance and altered
jump landing performance similar to longer-term mzcrogravity exposure,
while controlling for muscle atrophy and altered graviceptor inputs.
Lower-body impedance changes after partial weight unloading support
the hypothesis that postflight dilferences result primarily from modula-
tion of leg impedance due to reduced postural control demands in
microgravity, Methods: Six subjects performed six baseline 30-cm
downward jumps from a platform, followed by 10 jumps under 60%
body weight unloading (the adaptation sequence), and then six addi-
tional jumps under full-body loading (termed “adapted jumps”). Joint
and mass center kinematics were compared for the baseline and
adapted jump landings. A second order model evaluated changes in
vertical leg impedance. Resulfts: Three subjects exhibited significant
increased joint angles and rates. Vertical ground reaction {orces showed
more heavily damped responses after adaptation. Model fits to mass
center motion indicated reduced leg stilfness. Cenclusions: Post-adap-
tation performance is similar to that of four astronaut subjects who
demonstrated reduced postflight leg stiffness. The new study strongly
suggests adaptive control of lower limb impedance to accommodate
altered gravity levels which can be induced by minimal unloading
exposure. Partial weight unloading provides a simple, inexpensive an-
alog to spaceflight for certain postural and movement swdies.
Keywords: spaceflight, partial gravity, microgravity, performance, adap-
tive control.

ANY STUDIES HAVE recorded changes in astro-
naut balance, posture, and motion control in the
microgravity environment of spaceflight and following
return to Earth’s gravitational field. Abnormal postural
sway and reduced stance stability were observed fol-
lowing spaceflight (7,9,20,28). Postflight locomotion dis-
orders included deviations from straight paths, shift of
the body toward the stance leg, stamping gait and
abnormal head-trunk coordination (4,3). Anecdotal ob-
servations of wide stance during gait and difficulty
rounding corners provide further evidence for de-
graded balance and locomotion after spaceflight (8).
Impact absorption in landing from falls or jumps also
exhibits significant changes after microgravity expo-
sure. Astronauts subjected to sudden falls were un-
steady after spaceflight (25). A recent study evaluated
the performance in two-footed jump landings of Space
Shuttle astronauts before and after their shuttle mis-
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sions (18). Of 9 subjects, 6 showed significant alterations
in their leg joint and body mass center (CM) kinematics
during impact absorption after return from space. Four
demonstrated increased leg joint flexion and flexion
rates, larger downward CM motion, and slower CM
response trajectories. They were designated “Postflight-
Compliant” (P-C) because the kinematic results indi-
cated reduction in the net vertical stiffness provided by
the legs. In contrast, two subjects were labeled “Post-
flight-Stiff” (P-S) because they exhibited reduced joint
and CM deflections after spaceflight combined with
lower peak joint rates.

Performance decrements in posture control and loco-
motion have been attributed to a range of microgravity-
related effects on sensory interpretation, antigravity
musculature, and neural feedback and processing. Con-
trol of gait and posture relies on integration of sensory
signals including vestibular information, visual cues
and limb proprioception. Human spaceflight studies
have indicated central nervous system (CNS) reinter-
pretation of otolith signals and increased dependence
on visual information (21,28). Reduced arm-pointing
accuracy in blindfolded astronauts indicated impaired
proprioception (24), as did reports by an astronaut per-
forming a drop test stating that “he fell because his legs
were always further forward than he expected” (25).

Atrophy of the antigravity muscles in the legs and
altered tonic muscle activation patterns have been re-
ported during spaceflight, and could contribute to post-
flight postural instability (6,12). Likewise, changes in
CNS processing are likely to contribute to altered per-
formance. The otolith-spinal reflex helps to prepare the
leg musculature for impacts after sudden drops, and is
dramatically reduced in microgravity, although normal
function is recovered almost immediately on return to
Earth (25). Microgravity-induced alterations in tendon
stretch reflexes together with apparent reorganization
of higher level anticipatory postural responses provide
evidence for spaceflight adaptation in the feedback and
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feedforward contributions of the CNS to postural con-
trol and movement (6,10).

The kinematic results of the astronaut jumping study
suggested that leg impedance modulation accounted
for the differences seen following spaceflight. On Earth,
the body’s inverted pendulum structure requires a min-
imum stiffness of the postural control system for stance
stability. Stabilization against gravity is not required in
spaceflight, allowing reduced limb stiffness and control
bandwidth without postural instability. The P-C sub-
jects demonstrated more heavily damped responses
and reduced net stiffness postflight, suggesting after-
effects of reduced control bandwidth demands in flight.
In contrast, the P-S subjects may have represented a
strategy that recognized and overcompensated for this
stiffness reduction in flight. Postflight overcompensa-
tion is consistent with a “rebound” in the potentiation
of the H-reflex in some astronauts, and attempts by
some subjects to control upright posture tightly within
a narrow “cone of stability” (22,28).

Changes in leg impedance could result from reduced
force-generating capability due to muscle atrophy or
altered sensory feedback as discussed above. However,
substantial evidence suggests that the effective imped-
ance is set in an open-locop manner prior to impact
through antagenist muscle coactivation and control of
the limb configuration. Postflight changes in astronaut
knee joint kinematics during gait provided additional
evidence for joint impedance changes resulting from
adaptation to weightlessness (13). Jumping studies of
animals and humans show pre-programmed muscle
activation patterns and joint motion timed for expected
impact (5,14,23). The legs behave much like a constant
stiffness spring in running (15), therefore, a simple sec-
ond order model of the vertical leg impedance was used
to evaluate astronaut jump landings, and showed that
the postflight changes could be captured by varying the
net vertical leg stiffness.

P-C astronaut data indicated that reduced demands
on the postural control system in microgravity perrnit-
ted reduction of the leg stiffness, altering the kinematics
of the postflight jumps. Possible explanations for
changes in leg impedance include altered central con-
trol of leg stiffness, postural muscle deconditioning,
and changes in vestibular or stretch reflex feedback.
Short term unloading of the leg anti-gravity muscles
tests whether adaptive changes in leg impedance con-
trol occur as a consequence of reduced load bearing
requirements. Muscle atrophy is not a concern in short,
2-min unloading adaptation periods. Moreover, vestib-
ular sensing is unaffected during unloading in normal
gravity. For these reasons, a test of jumping following
short exposures to simulated partial gravity was de-
vised to further investigate the astronaut results.

We hypothesize that short-term partial weight un-
loading (PW) can cause changes in jump landings that
replicate key aspects of the postflight differences seen in
astronauts, including changes in the net vertical stiff-
ness of the legs. Furthermore, we hypothesize that post-
flight changes in astronaut jump landing performance
resulted from adaptive open-loop modulation of leg
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Fig. 1. Partial weight suspension system, or moonwalker, and jump
platform. The subject is suspended by a harness attached to steel cables,
Unloading is controlled by varying the spring tension with the eleclric
winch. A video camera records the subject's left side with marker
locations indicated in the side view,

impedance appropriate for the postural control require-
ments of microgravity.

METHODS
Experimental Apparatus

Fig. 1 shows the jump platform, force plate and sus-
pension system, commonly referred to as the “moon-
walker,” used in the PW protocol. Subjects jumped 30
c¢m down from the platform onto the force plate. The
PW apparatus uses an overhead suspension system to
partially unload the legs. The subject wears a nylon
harness (Mori Safety Products, Toronto, ON, Canada)
with loops about each thigh that connect to shoulder
straps. The leg loops applied the upward force at the
inner thighs and buttocks. The straps applied smaller
horizontal forces to the back and chest directed toward
the suspension point. This horizontal component acted
as a restoring force toward upright posture when the
subject was directly beneath the overhead attachment,
but otherwise pulled the subject away from an upright
stance.

Each shoulder strap was connected to a steel cable
that ran through overhead pulleys to a spring. A steel
cable and electric winch controlled the spring stretch
and hence the upward force exerted on the subject by
the harness. The actual spring length varied with the
subject’s motion producing an additional upward force
of ~80 N when the subject was standing on the force
plate compared with the starting platform. The varia-
tion in upward force over the vertical span of the jump
ranged from 12-16% of subject body weight. Unloading
60-100% of the subject’s body weight caused the subject
to lean about 12° farther forward than normal.

Aviation, Space, and Environmental Medicine « Vol. 71, No. 9, Section I = September 2000



SUSPENSION REVEALS SPACEFLIGHT EFFECTS—JACKSON & NEWMAN

An AMTI OR6-5 force plate (Advanced Medical
Technology, Inc., Newton, MA) measured ground reac-
tion forces. Force signals were amplified and low-pass
filtered with a corner frequency of 1050 Hz by an AMTI
MCA amplifier, then sampled at 2000 Hz using a Power
Macintosh 8100/80 computer equipped with a National
Instruments NB-MIO-16 L data acquisition board.

Body segments on the left side of the subject were
tracked using a single Sony Handycam 8 mm cam-
corder to record the position of six markers placed at
the toe, ankle, knee, hip, shoulder and ear, The markers
were placed at: 1) the fifth toe metatarsal-phalangeal
joint; 2) the lateral malleolus; 3) the lateral femoral
epicondyle; 4) the greater trochanter of the femur; 5) the
acromian process; and 6) the center of the ear.

The subjects wore skintight black stockings on the
legs and left arm, and a black form-fitting cap covered
the ear. White labels measuring 2.5 cm x 1.9 ¢cm pro-
vided excellent marker contrast against the black back-
ground. Double-sided tape secured the stockings to the
skin over the areas of interest. Additional calibration
markers were fixed within the camera field-of-view. A
mapping of the true spatial coordinates to the camera
focal plane coordinates was derived using an array of
calibration markers. The video frames were digitized in
8 bit gray-scale at a rate of 30 frames per second with a
resolution of 280 pixels vertically and 320 pixels hori-
zontally using the built-in Power Macintosh 8500 video
card and the Adobe Premiere software package. A Lab-
View program was written to threshold the images and
extracts the centroid of each individual marker with
respect to the frame. The mapping obtained from the
calibration marker array was applied to correct for dis-
tortions in the image. Further errors were introduced by
variations in marker distance from the camera for po-
sitions not directly aligned with the viewing axis of the
camera, thus, the marker location in the sagittal plane
was corrected for the estimated distance of the marker
from the camera. The average measurement resolution
was better than 3 mm over the camera field of view,
ranging from 2.4 mm in the center of the image to 4.5
mm near the edges.

Experimental Profocol

The experimental protocol was approved for use with
human subjects by MIT’s Committee on the Use of
Humans as Experimental Subjects (COUHES). All sub-
jects provided informed consent. The six volunteer fe-
male subjects were between 22 and 27 yr old, with
heights and weights ranging from 160-173 c¢m and
52-71 kg. All subjects were athletic and in good health.
Each subject performed two ataxia tests to screen for
potential vestibular defects: 1) quiet standing with eyes
closed in the sharpened Romberg stance; and 2) walk-
ing a line with the eyes closed (6). All subjects met the
criteria for vestibular normals.

Before beginning the experiment, the lateral dimen-
sions of the subject’s body with the feet together were
measured at the marker locations. The subject donned
the suspension hamess, which was initially detached
from the suspension cables. Before the initial baseline
jump, the subject stood with the toes at the edge of the
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starting block, and the feet were aligned on either side
of an 8.9 cm wide wooden block to be parallel and
facing straight ahead. The outer edge of each foot was
marked on the block, and the subject placed her feet in
the same position before each jump,

The subject performed 6 baseline jumps with the
arms folded across the abdomen, so that one hand
gripped the opposite wrist. The subject was instructed
to: 1) look down at the landing platform before jump-
ing; 2) perform a two-footed downward jump, taking
off and landing with both feet simultaneously; and 3)
recover to an upright standing position at a comfortable
pace, and look straight ahead. The command to the
subject for each jump was: “Look down. One, two,
ready, jump.” After the subject returned to an upright
stance, the inter-ankle distance and the position of the
fifth toe and lateral malleolus of the left foot were
measured. These measurements were used together
with the subject lateral body dimensions to estimate
marker positions along the direction parallel to the
camera axis in the video processing.

After the baseline jumps, the subject repeated the
following sequence 6 times: 1) 10 jumps under 60%
body weight unloading; then 2) 1 jump with no unload-
ing. For the unloaded jumps, the harness was attached
to the overhead suspension cables and the winch was
used to stretch the springs until the force plate output
read 40% of the subject’s body weight. No data were
taken during the unloaded jumps, but the subject in-
structions were the same as in the baseline sequence.

After the tenth adaptation jump, the subject was
quickly prepared to make a single jump while support-
ing her full-body weight. The subject stepped up onto
the starting platform, the spring tension was released
and the cables were detached. The jump was performed
using the baseline procedure. Preparation steps follow-
ing the final unloaded jump were performed as quickly
as possible to minimize the time the subject might re-
adapt to the normal leading condition.

Data Analysis

The ankle, knee and hip joint angles in the left leg
were computed using the positions of the markers at
the toe, ankle, knee, hip and shoulder (Fig. 2). These
calculations assumed that the foot, shank, thigh and
trunk were rigid segments. Average resting joint angles
during quiet standing were calculated and subtracted
from the joint angle time series data. Positive joint
angles indicated increased flexion from the rest posi-
tion. Joint angular velocities were found by numerically
differentiating the joint angle data using a four point
centered difference. Before differentiating, angle data
were smoothed by filtering forward and backward (to
eliminate phase shift) using a third order Butterworth
filter with a corner frequency of 7.5 Hz. Ground impact
resulted in large and nearly instantaneous increases in
the joint angular velocities. In order to avoid excessive
smoothing of this feature, the data segments prior to
and following tmpact were filtered and differentiated
separately.

Impact time was determined from the discontinuity
in the downward velocity of the toe marker. For each
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Fig. 2. Sagittal plane body model. Marker placement (denoted by “0”)
and eight segments used for body mass center (CM) calculation (feet,
shanks, thighs, trunk, lorearms, upper arms, neck and head) are shown
at left. The joint angle convention is shown at right.

jump, peak flexion angles and flexion rates after impact
were computed for the ankle, knee and hip joints. The
position of the full-body CM in the sagittal plane was
estimated from the marker positions, using an 8-seg-
ment body model {feet, shanks, thighs, trunk, upper
arms, forearms, neck and head). Lateral symmetry was
assumed, allowing combination of the left and right
segments in the arms and legs. The arms were assumed
to remain crossed in a fixed position relative to the
trunk. The approximate body segment mass distribu-
tion was found using a regression model based on the
subject’s weight and height (27). The velocity of the CM
was found using the same numerical differentiation
procedure described above for the joint angular veloc-
ities. The positive vertical direction was upward.

Initial analysis of the joint and CM kinematics indi-
cated a non-uniform pattern of responses across the
subject pool. Therefore, baseline and adapted data sets
were compared for each subject individually for peak
joint flexion angles, peak joint flexion rates, and CM-
related measures. Student’s {-tests were used to com-
pare the baseline and post-adaptation data sets. Tests
yielding p < 0.05 were considered statistically signifi-
cant.

Changes from baseline to post-adaptation jumps in
five measures were considered for classification of the
subjects into groups. These measures were previously
selected for classification purposes in the astronaut
jumping study because they proved relatively insensi-
tive to day-to-day variations in preflight testing (18).
The five variables were tested together for the effects of
test session using a multivariate analysis of variance
(MANOVA). The contrast for adaptation effect was
computed for baseline vs. post-adaptation data sets.
Probabilities were based on Wilks’ Lambda (likelihcod
ratio criterion) and Rao’s corresponding approximate
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(sometimes exact) F-statistic. Subjects who did not ex-
hibit significant differences between baseline and post-
adaptation for the multivariate measure were classified
as “No Change” {N-C).

Other subjects could be classified as either “Post-
adaptation Compliant” (P-C) or “Post-adaptation Stiff”
(P-S) by scoring the five individual measures used in
the MANOVA. These designations corresponded to the
Postflight Compliant and Postflight Stiff classifications
in the astronaut study. For each measure, the subject
received a +1 for a significant change toward greater
compliance after adaptation, a —1 for a significant
change toward lower compliance after adaptation, and
a 0 for no significant change. The results for the indi-
vidual measures were summed to get an overall score
ranging from —5 to +5. Subjects with positive scores
were designated P-C, while negative scores were la-
beled P-5. All statistical computations were performed
using SYSTAT (26).

Model of CM Vertical Motion

A simple mechanical body model was developed to
investigate the vertical motion of the CM following
impact with the ground. In this single degree-of-free-
dom model horizontal motion was neglected (Fig. 3).
The entire body mass was concentrated at the CM,
supported by a massless, constant stiffness linear spring
representing the legs. Similar models have been used to
examine hopping and running (1,15). The upward re-
storing force exerted by the spring was proportional to
the downward displacement of the CM from the un-
compressed spring length Zo (nominally the height of
the CM at the moment of impact). Energy dissipation,
or damping, was modeled by a linear dashpot in par-
allel with the leg spring that opposed the CM motion
with a force proportional to CM velocity.

This model led to a second order linear differential
equation that described the CM motion:

Mz + Bz + K(z - 2Z;)=Mg Eq. 1
m B. K ~
z+ﬁz+ﬁ(z—[.0)=g Eq. 2

L]

« (1
| —le T
| [
Fig. 3. Second order model of CM ventical (Z) maotion following
impact. Body mass {M), located at the CM, is supported by linear spring
(K} and dashpot (B). The unloaded length of the spring is Zo (nominally

the height of the CM at impact), minimum spring length is Zmin, and the
spring length at the final equilibrium is Zequi.
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Fig. 4. Bascline and adapted joint phase-plane portraits for three partial weight unloading (PW) subjects and one astronaut subject. Each trace
represents the average of 6 trials. Trials are aligned at impact (denoted by the open circle, o), Phase-plane portraits are traversed in the clockwise

direction.

where z, zdot, z double dot = CM vertical position,
velocity, and acceleration, respectively; g = gravita-
tional acceleration, M = body mass, K = spring stiff-
ness, B = damping.

The vertical position and velocity of the CM gave the
initial conditions necessary to find the time solution of
the equations at the moment of impact. In order to
compare the pre- and postflight limb impedance prop-
erties for each subject, best fit values for each jump
trajectory were determined for the stiffness and damp-
ing coefficients using the MatLab System Identification
Toolbox (The MathWorks Inc., Natick, MA). Model fit-
ting was accomplished by minimizing a quadratic pre-
diction error criterion using an iterative Gauss-Newton
algorithm (11). The best fit for the rest spring length Z.
was determined concurrently, although this parameter
is nominally set by the height of the CM at impact.
Unfortunately, the 30 Hz sampling rate was too low to
provide an adequate estimate of the Zo value. With CM
velocities greater than 2 m » s~ ' at impact, an uncer-
tainty of one sampling interval in the time of impact
could result in errors in Z, exceeding 6 cm. Since peak
deflection of the CM following impact typically ranged
from 8-15 cm, this level of uncertainty required simul-
taneous estimation of the rest length.

Eq. 2 was rewritten in canonical second order form
as:

24+ 2w+ oi(z-Z)=¢g Eq.3

where w, =

\’g = natural frequency.

The natural frequency was roughly equivalent to the
bandwidth of the system and provided a measure of the
speed of response, since higher natural frequencies cor-
responded to faster transient responses. Increasing the
stiffness K led to a higher natural frequency. The damp-
ing ratio measured how oscillatory the transient re-
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sponse was, with lower damping ratios indicating more
overshoot and oscillation in the system behavior. De-
creasing the stiffness K increased the damping ratio.

RESULTS
Jump Landing Kinematics

Phase-plane plots for the leg joints provided a con-
venient graphical method for comparing the angles and
rates in the baseline and PW-adapted jump landings.
The results of the astronaut study indicated that expo-
sure to spaceflight most consistently affected knee and
hip joint kinematics in jump landings. Fig. 4 shows
phase-plane plots of hip and knee joint trajectories for
the three subjects (B, D, F} who exhibited significant
changes in peak flexion or flexion rate at these joints.
These baseline and post-adaptation phase portraits
were constructed by synchronizing each set of trials at
the time of impact, then averaging the joint angles and
rates at each individual sample. The plots are traversed
clockwise in time from the moment of impact (marked
with an open circle}. Peak joint flexion rates occur
within one or two samples of impact at the uppermost
point on the plots. The maximum joint flexion is
reached at the far right of the graph when the joint rate
is zero. Joint extension is observed in the negative rates
at the bottom of the plot as the subject recovers to an
upright stance.

These three PW subjects show general post-adapta-
tion increases in peak knee and hip deflection, as well as
greater maximum hip flexion rates after impact. Also
noteworthy is the substantial decrease in the peak ex-
tensional joint rates for subject B, which corresponds to
the much slower return to upright equilibrium after PW
adaptation. The P-C astronaut subjects demonstrate
very similar kinematic characteristics, and a represen-
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TABLE I. MAXIMUM AVERAGE (A) KNEE AND (B) HIP JOINT
FLEXION ANGLES AFTER IMPACT SHOWING THE ANGLE,
STANDARD ERROR OF MEAN (SEM) AND THE DIFFERENCE
BETWEEN BASELINE AND PW ADAPTED (MEAN DIFF).

Partial
Weight
Baseline (°) Adapted Change (°)
Subject Mean SEM Mean SEM Mean Diff p-Value
A. Maximum Knee Angle

A 78.4 08 8l.6 1.5 32 0.084
B 73.0 1.0 77.3 13 4.4 0.025
C 54.9 1.0 54.8 1.4 -0.2 0921
D 46.6 0.6 47.9 14 13 0415
E 723 1.6 731 1.8 0.8 0.743
F 80.2 1.1 90.4 0.6 10.2 0.000
All

Subjects 67.7 22 70.3 2.6 26 0.449

B. Maximum Hip Angle

A 62.1 22 62.4 29 0.3 0.938
B 44.0 1.8 720 4.4 28.0 0.000
C 24.5 1.9 30.0 24 55 0.100
D 18.7 1.0 221 1.0 34 0.040
E 64.7 3.0 61.7 35 -3.0 0.548
F 64.6 2.6 67.9 1.6 iz 0.340
All

Subjects 464 33 52.3 35 5.9 0.224

tative astronaut’s phase-plane portrait is included for
comparison.

Table I shows maximum knee and hip flexion angles
for each subject for the baseline and PW-adapted
jumps. Three of the subjects exhibit significant increases
{p < 0.05, Student’s ¢-test) in maximum flexion at one or
more joints. No significant decreases in peak joint flex-
ion were observed at any joint in any subject. No sig-
nificant changes were found with all subjects grouped
together.

Subject B exhibits a significant average increase in
peak knee flexion of approximately 5°, combined with a
significant increase of nearly 30° in peak hip flexion.
Subject F demonstrates a significant increase in maxi-
mum knee flexion of 10° after unloading exposure,
while a significant increase of about 3° in peak hip angle
was noted for subject D.

Subject Classification

The joint angle phase diagrams suggested that the
PW subjects could be classified in the same manner as
the astronauts. Using the analogy of a spring of variable
stiffness, the first group was denoted “post-adaptation
compliant”, or P-C. Just as a more compliant spring
compresses more under a given load, this group gen-
erally exhibited greater joint flexion after adaptation,
accompanied by increased flexion rates. Subjects with
an opposite response would be labeled “post-adapta-
tion stiff,” indicating lower peak flexion and flexion
rates for the jump landings after PW exposure.

The CM kinematics provided complementary infor-
mation for classification of subject performance follow-
ing adaptation. If the legs were considered to be
roughly springlike in supporting the mass of the upper
body, the maximum downward deflection of the CM
following impact gave a measure of the stiffness of the
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lower limb “spring” (e.g., an increase in the downward
deflection of the mass center indicated a decrease in
spring stiffness). The time from impact to the point of
peak downward deflection also provided an indicator
of the effective stiffness of the lower limbs. A decrease
in the time between impact and maximum deflection
implied an increase in the stiffness.

Table 11 scores the five measures used to classify each
subject. Positive entries indicate significant changes to-
ward greater compliance post-adaptation, correspond-
ing to increases in peak joint angles or peak joint flexion
rates, greater downward CM deflection, or longer times
from impact to maximum CM verlical deflection. Neg-
ative entries would represent significant differences in
these quantities, indicating greater stiffness after adap-
tation, although no such measurements were recorded.
The statistical significance for the preflight/postflight
MANOVA contrast of the five measures is shown for
each subject (p-value). As previously mentioned, sub-
jects with significant MANOVA results were denoted
P-C or P-5 based on positive or negative overall scores
respectively for the five classification measures; the re-
mainder are designated “No Change” (N-C).

Three subjects (B, D and F) were classified P-C. As
discussed above, all three have significantly increased
peak flexion at the hip or knee, although only peak knee
flexion is evaluated in the MANOVA., In addition, sub-
jects B and D exhibit significantly increased peak hip
flexion rate. Subjects B and F demonstrate greater
downward CM deflection after adaptation, while sub-
ject B also shows an increase in the time to maximum
CM deflection. The remaining three subjects {A, C and
E) show no significant changes in the individual mea-
sures, and are designated N-C based on lack of statis-
tical significance in the multivariate criterion. No sub-
jects demonstrate P-S characteristics.

Vertical Ground Reaction Forces

Fig. 5 shows force plate results for subject B as a
representative graph. The vertical ground reaction force
{GRF) traces superimpose the baseline and post-adap-
tation averages. All data were aligned at time of impact,
which is the origin of the time axis. Two trends in the

TABLE II. SUBJECT CLASSIFICATION BASED ON 5 KINEMATIC
MEASURES AND PRE- AND POST-ADAPTATION RESULTS
MANOVA COMPARISONS.

Subjects

A B C D E F
1. Peak Knee Flexion +1 +1
2. Peak Knee Flexion Rate
3. Peak Hip Flexion Rate +1 +1
4. Peak CM Deflection +1 +1
5. Time to Peak CM

Deflection +1

Overall Score 4 +4 ] +1 ] +2
p-value 0.742 0.006 0.805 0.017 0404 0.003

Classification N-C P-C N-C P-C NC PC

Positive numbers indicate reduced stiffness after adaptation.
Classifications are no change (N-C) or partial weight adaptation
compliant (P-C).
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Fig. 5. Example of vertical ground reaction force (GRF} traces for PW
subject B, Baseline and post-adaptation averages. Trials aligned at im-
pact, shown at t = 0.

force data are apparent. First, the force traces for the
adapted jumps tend to lag behind the forces from the
baseline jumps. This effect is most easily observed by
comparing the times when the ground reaction force
decreases below the 1 body weight level. At this mo-
ment during the recovery toward upright posture after
landing, the mass center was no longer being acceler-
ated upward. This figure also shows that the minimum
ground reaction force generally increases in the
adapted jumps, compared with the minimum level seen
in the baseline jumps. The minimum force level occurs
during the portion of the recovery period when the
mass center was moving upward toward the standing
posture while being decelerated to a state of zero ver-
tical velocity. The minimum vertical ground reaction
force, or force undershoot, is used to quantify the sys-
tem’s oscillatory behavior,

In order to quantify the lag in the force traces for the
adapted jumps, the time after impact when the vertical
GRF falls below 1 body weight is computed for each
jump. Fig. 6 shows the timing data for all six subjects.
The average time to the body weight crossover point is
shown to increase after unloading adaptation for all
subjects. Using an unpaired, two-tailed Student’s i-test,
this effect was significant at the p < 0.05 level for
subjects B, D and F, as well as for all subjects grouped
together. Hence, a general pattern of slower recovery
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Fig. 6. The time interval for the vertical GRF from the moment of
impact to a level of 1 body weight. Error bars indicate = 1 standard error
of the mean (SEM).

after unloading adaptation was indicated by the force
plate data.

A similar comparison of the minimum vertical GRF is
presented in Fig. 7. In this case, the average vaiue of
minimum GRF increased for each subject following
unloading with the moonwalker. The increases were
significant (p < 0.05, Student’s {-test) for subjects B, D
and E, and for the data of all subjects grouped together.
This reduction in undershoot below the final 1 bedy
weight value suggested that the system became less
oscillatory after exposure to simulated partial gravity.

Second Order, Single Degree of Freedom Model of Vertical
CM Motion

Linear leg stiffness and damping values were fit to
the CM data for each jump using the mechanical model
described above. Fig. 8 shows predicted CM model
responses using parameters estimated for representa-
tive P-C subject B. Model fits for the 6 baseline (Fig. 8a
upper) and 6 post-adaptation (Fig. 8a lower) trials are
staggered along the vertical axis. Fig. 8b shows baseline
(upper) and post-adaptation (lower) average CM verti-
cal trajectories; the shaded region indicates = 1 SD.
Simulated model results using the pre- and post-adap-
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Fig. 7. Vertical GRF minimum value. Errar bars indicate = 1 SEM.
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Fig. 8, Modeled Ch vertical trajectary (or representative subject B.
CM motion is simulated using estimated stifiness and damping. Dashed
lines are experimental data and solid lines represent model fits, () Left
plots: 6 individual baseline trials (upper) and 6 post-adaptation trials
ilower). {b) Center plots: Corresponding averages for trials shown in (a).
Trials are synchronized at impact, shown as r = 0. (c) Right plots:
Preflight and postflight averages for astronaut subject 5-1. Shaded areas
denote = 1 SD.

tation stiffness and damping averages are included as
well. The CM overshoot above the final equilibrium
posture indicates a fairly low baseline damping ratio.
The post-adaptation jumps show a much slower re-
sponse with no overshoot. Thus, the adapted responses
reflect a decreased natural frequency and increased
damping ratio compared with the baseline jumps. For
comparison, the pre- and post-flight average responses
are included in Fig. 8c for P-C astronaut subject 5-1. The
postflight changes were very similar to the post-adap-
tation results of the moonwalker subject.

Average stiffness values for the baseline and adapted
jumps are presented in Fig. 9. Individual subject base-
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300 T I
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|
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Fig. 9. Modeled stifiness estimates for all subjects. Error bars indi-
cale = 1 SEM. Statistical significance is from ttests for individual
subjects and ANOVA for grouped subject analysis.
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TABLE III. MODULED NATURAL FREQUENCY AND DAMPING
RATIO. (A) NATURAL FREQUENCY AND (B) DAMPING RATIO.

Partial
Weight
Baseline Adapted Change
Subiject Mean SEM Mean SEM Mean Diff p-Value
A. Natural Frequency (rad s~ ')

A 813 0.26 755 056 -7% 0.342
B 9.00 011 411 031 —54% 0.000
C 1525 076 1410 115 —B8% (.414
D 1746 037 1472 071 -16% 0.007
E 601 0.26 609 032 1% 0.863
F 7.89 042 672 038 -15% 0.087
All

Subjects 1068 072 894 0.78 —16% 0.000°

B. Damping Ratio

A 0573 0043 0619 (.083 8% (.623
B 0514 0014 1195 0099 132% 0.000
C 0.553 0.046 0603 0044 9% (.450
D 0539 0049 0713 0.027 2% 0.012
E 0.792 0055 0854 0.065 8% (1.486
F 0498 0.047 0558 0.048 12% 0416
All

Subjects 0572 0023 0771 0.048 35% 0.000°

* Indicates p-value from ANOVA for grouped subject analysis.

line and adapted parameter means are compared using
an unpaired Student’s f-test. This plot shows that the
average leg stiffness decreases following partial weight
unloading exposure in 5 of the & subjects. The decrease
in stiffness is significant for all subjects grouped using a
two-way ANOVA with subject and condition (baseline
or adapted) as the independent variables. Significant
effects of subject and interaction between subject and
condition are also noted.

Of the 5 subjects with reduced stiffness, B and D
demonstrate significant decreases of 79% and 28%, re-
spectively, for the adapted jumps. Subject F shows a
28% decrease in average stiffness following adaptation,
although this change was not significant (p = 0.079).
The lack of statistical significance is attributed to a
reduced number of data points, as the CM trajectories
in two of her jumps were unavailable because the
shoulder marker went beyond the camera field. How-
ever, subject F's stiffness decrease complements the
significant changes observed for this subject in GRF
traces and peak knee flexion after exposure to partial
weight unloading. No significant changes are found in
any subjects for the damping parameter in the model.

From the stiffness and damping coefficients, the nat-
ural frequency and damping ratio are calculated for
each jump and presented in Table III. Increases in
damping ratio from 8-132% are seen in all subjects.
Subjects B and D exhibit significant damping ratio in-
creases that reflect lower stiffness after moonwalker
adaptation. The decrease in natural frequency and in-
crease in damping ratio are significant for all subjects
grouped together based on the two-way ANOVA. 5ig-
nificant effects of subject and the interaction between
subject and condition are seen as well.

CONCLUSIONS

The results of the astronaut experiment suggested
that gravity plays an important role in determining
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stiffness levels selected by the neuromuscular system.
Partial gravity simulation through suspension reduces
the load-bearing demands on the legs and increases the
body’s inverted pendulum time constant. The required
authority of the postural control system in reduced
pravity therefore lies somewhere between the require-
ments for 1 G and weightlessness. Changes observed as
a result of unloading exposure provide additional in-
sight into the sometimes dramatic alterations observed
in astronaut performance postflight.

The moonwalker experiments demonstrate that acute
exposure to partial weight unloading can induce adap-
tive changes in jump landings. While PW is believed to
provide a ground-based analog to microgravity expo-
sure, the differences from the astronauts’ experience
must be considered. The upward forces exerted by the
suspension system reduce the load-bearing require-
ments placed on the legs in a rough approximation of
the effects of lower gravity. However, there are no
changes in the gravitational forces on the otoliths, and
the moonwalker suspension system also exerts forces
on the body that are not comparable to true partial
gravity. The upward force is applied locally by the
harness, but the gravitational forces on the distributed
mass of the body segments are unchanged. In addition,
the actual upward force on the subject varies somewhat
over the vertical range of motion. The net horizontal
force while partially unloaded tends to cause a forward-
leaning posture prior to jumping, and acts as a restoring
force directed toward upright stance when the subject
lands under the pulleys. The stable posture with the
subject fully suspended contrasts with the neutrally
stable rotational orientation of the subject during the
normal free fall portion of a jump.

The effects that these differences may produce in
comparison to true partial gravity are difficult to assess.
However, PW provided an effective means of reducing
the vertical load-bearing requirements on the legs, and
permitted testing of the hypothesis that reduced de-
mands on the postural control system can induce adap-
tive changes in the system stiffness and jumping kine-
matics. Furthermore, the load-bearing changes were not
complicated by muscle atrophy or altered otolith inputs
associated with microgravity.

Of course, substantial differences in adaptation stim-
uli, exposure durations and readaptation periods exist
between the PW and astronaut experiments. Hence, the
degree of similarity between the P-C responses in the
two subject groups is remarkable. Half of the PW sub-
jects exhibit significant post-adaptation increases in
peak knee leg flexion angles similar to the peak joint
angle increases observed the P-C group of astronaut
subjects. None of the PW subjects demonstirate de-
creased peak joint flexion comparable to the P-S astro-
nauts. The PW joint angle results are supplemented by
force plate records in the moonwalker experiment that
reinforce the similarities of these 3 subjects with the P-C
astronaut group. Slower, less oscillatory vertical ground
reaction responses in the PW adapted force plate data
indicate a more heavily damped response following
suspension, and are consistent with a general reduction
of the leg stiffness. Hence, the aggrepate data indicate
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that 3 of the 6 moonwalker subjects show results simtilar
to those observed in P-C astronauts, while none exhibit
characteristics like those of the P-S astronauts.

Like the astronaut postflight effects, the changes fol-
lowing exposure to simulated partial gravity are best
explained by alterations in the controlled leg stiffness.
Neither muscle atrophy nor changes in vestibular sens-
ing can account for the moonwalker results. Sensory
feedback latencies of 80-100 ms or more are compara-
ble to the 100 ms duration of the entire impact absorp-
tion phase from landing to maximum joint flexion,
eliminating the effect of post-impact sensory feedback
on the majority of this portion of the jump landing
(2,16,17). Furthermore, short term exposure to PW un-
loading using a similar protocol had no effect on patel-
lar tendon reflexes (19).

The fact that a targeted unloading adaptation stimu-
lus can replicate the effects of spaceflights lasting 1-2
wk is very interesting. These results indicate that the
postural control system can tune stiffness quickly to
account for variations in load bearing or the gravita-
tional environment. In other short term unloading ex-
periments, significantly increased RMS sway in most
subjects’ postural stabilograms coupled with reports of
a temporary feeling of leg weakness, further supports
the notion that PW can have significant effects on motor
behavior (19). An optimal estimator model of postural
control explained the effect through a decrease in ankle
joint feedback gains, attributed to adaptive CNS-mod-
erated decreases in muscular gains. This gain change is
strikingly similar to the stiffness reductions exhibited
by the P-C astronauts and PW jumping subjects, back-
ing the hypothesis that microgravity and simulated
hypogravity result in adaptive changes in the stiffness
of the leg system.

The assumption that joint impedance characteristics
transform into lumped leg stiffness and damping pa-
rameters governing the vertical CM motion following
impact provides the basis for the second order mechan-
ical model postulated herein. A similar model for run-
ning (15) and the generally close fits to experimental
data obtained for the jumps in the astronaut and PW
studies support the simplifying assumptions of con-
stant stiffness and damping. Comparison of the astro-
naut pre- and postflight fits for this model indicate that
lumped stiffness changes govern the differences in tran-
sient response observed on return to Earth. Likewise,
the changes in joint kinematics and force plate data
following PW exposure correlate well with the reduced
stiffness estimates.

In the model, decreases in leg stiffness lead to de-
creases in bandwidth, with slower and less oscillatory
time responses. Interestingly, the PW model fits do not
show changes in the leg damping to play a role in the
post-adaptation differences. This result is counterintui-
tive, since decreased limb stiffness through reduced
antagonist muscle coactivation might be expected to
cause a corresponding damping reduction. Further-
more, changes in damping in accordance with increases
or decreases in stiffness would help to prevent large
deviations in the damping ratio (see Eg. 3), which is
often desirable from a control system standpoint. Re-
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gardless, both PW and astronaut results indicate that
independent modulation of limb damping and stiffness
is possible, or simply that the damping characteristics
are largely constant in the face of large changes in leg
stiffness.

The limitations on the sensory feedback pathways
indicate that the stiffness properties of the lower limbs
are largely dectermined before impact. Hence, the
changes in the model parameters corresponding to al-
tered joint and mass center kinematics cbserved after
adaptation are likely due to changes in the prepro-
grammed muscle activity prior to impact, which sets
the limb impedance in an open-loop fashion by control-
ling the muscle tension-length properties and the limb
configuration. This is the case for both the PW subjects
and astronauts.

In summary, the astronaut study provided evidence
for adjustment of lower limb impedance in response to
spaceflight microgravity exposure. The PW experiment
strengthened the conjecture that reduced postural de-
mands in spaceflight contribute most to altered perfor-
mance postflight. The PW protocol reduces the effective
stiffness required of the postural control system, but is
not believed to affect stretch reflexes, descending ves-
tibular effects on muscle tone, or interpretation of ves-
tibular acceleration signals. Hence, the significant
changes seen after PW and microgravity adaptation
most likely resulted from altered open-loop modulation
of the limb trajectories and stiffness during the flight
and impact phases of the jumps.
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